A deposition process has been developed to fabricate a complete-monolayer Pt coating on a large-surface-area three-dimensional (3D) Ni foam substrate using a buffer layer (Ag or Au) strategy. The quartz crystal microbalance, current density analysis, cyclic voltammetry integration, and X-ray photoelectron spectroscopy results show that the monolayer deposition process accomplishes full coverage on the substrate and the deposition can be controlled to a single atomic layer thickness. To our knowledge, this is the first report on a complete-monolayer Pt coating on a 3D bulk substrate with complex fine structures; all prior literature reported on submonolayer or incomplete-monolayer coating. A thin underlayer of Ag or Au is found to be necessary to cover a very reactive Ni substrate to ensure completemonolayer Pt coverage; otherwise, only an incomplete monolayer is formed. Moreover, the Pt monolayer is found to work as well as a thick Pt film for catalytic reactions. This development may pave a way to fabricating a high-activity Pt catalyst with minimal Pt usage.
Pt monolayer coating on complex network substrate with high catalytic activity for the hydrogen evolution reaction A deposition process has been developed to fabricate a complete-monolayer Pt coating on a large-surface-area three-dimensional (3D) Ni foam substrate using a buffer layer (Ag or Au) strategy. The quartz crystal microbalance, current density analysis, cyclic voltammetry integration, and X-ray photoelectron spectroscopy results show that the monolayer deposition process accomplishes full coverage on the substrate and the deposition can be controlled to a single atomic layer thickness. To our knowledge, this is the first report on a complete-monolayer Pt coating on a 3D bulk substrate with complex fine structures; all prior literature reported on submonolayer or incomplete-monolayer coating. A thin underlayer of Ag or Au is found to be necessary to cover a very reactive Ni substrate to ensure completemonolayer Pt coverage; otherwise, only an incomplete monolayer is formed. Moreover, the Pt monolayer is found to work as well as a thick Pt film for catalytic reactions. This development may pave a way to fabricating a high-activity Pt catalyst with minimal Pt usage.
Platinum is not only the most precious metal for jewelry but also the best material for electrical contacts, particularly in wet chemical processing. It is also the best catalyst for many commercial applications, including fuel cells, autocatalytic converters, and the petroleum industry (1). Platinum has high catalytic activity, and it is the most common catalyst for almost all major industrial reactions, including oxidation, oxygen reduction reaction (2-6), hydrogen evolution reaction (HER) (7) (8) (9) (10) , and fuel cells (11) (12) (13) . Platinum is in high demand but of low abundance, making Pt material too expensive to be used for many industrial applications (14) . The U.S. Department of Energy has established its 2017 target for the U.S. DRIVE Fuel Cell Tech Team to reduce its total Pt group metal loading to 0.125 mg cm −2 from its current level of 0.4 to 1.0 mg cm −2 (15, 16) . It is for this very reason that there have been numerous attempts to fabricate Pt monolayer (ML) films and even to develop single-atom alloy (17) catalysts. For example, Brankovic et al. (18) demonstrated the preparation of a submonolayer of Pt film using galvanic displacement of a Cu monolayer obtained by underpotential deposition (UPD) on an Au(111) surface. Using the same galvanic displacement, Li et al. found that there is a correlation between substrate-induced lateral strain in the Pt submonolayer and its activity/selectivity and when the expanded Pt layer on Au(111) exhibits a sevenfold activity increase in catalyzing methanol electrooxidation relative to Pt(111) (19) . Kye et al. (20) fabricated a Pt(shell)/Au(core) to demonstrate a similar catalytic activity as a Pt nanoparticle for photoelectrochemical HER. The new concept facilitates the formation of catalysts with several unique features including high Pt utilization, enhanced activity, and stability.
Although there has been a tremendous amount of research conducted in minimizing the Pt usage, it is nontrivial to fabricate a complete-monolayer Pt coating on a large-area substrate, particularly on a 3D substrate with complex structures. For example, Ding et al.
demonstrated a successful epitaxial casting of Pt films on 3D nanoporous gold membrane substrates when the Pt thickness reaches more than 1 nm (21) .
Indeed, there are reports on Pt monolayer deposition on different single-crystalline surfaces and nanoparticles such as Au (20) , Rh (22) , Pd (23) , and Ir (24) . So far, successful Pt monolayer deposition has been realized only recently on relatively small-area single-crystalline facets (25) . There are also reports on galvanic displacement of a Cu monolayer obtained by UPD on single-crystalline surfaces or nanoparticles (18, 20, 22, 23, 26, 27) . Because the Cu UPD layer uniformly covers the underlying substrate, the probability of Pt-Cu interaction is similar over the entire surface, leading to uniform nucleation for evenly distributed Pt nanoclusters or incomplete-monolayer Pt (3, 18) . To our knowledge, there has been no report on successfully fabricating complete-monolayer Pt on large-piece 3D bulk substrates with complex geometries.
Here, we describe the successful synthesis of Pt monolayers on a large-surface-area 3D Ni foam network using a buffer layer technique. It is the most effective way to minimize Pt usage (1 ML is equivalent to~550 ng cm −2 ), allowing the use of Pt in commercial applications such as fuel cells at minimal cost. Surprisingly, it works as well as a thick Pt film for catalyzing HER.
Because we intended to develop a complete-monolayer Pt film on a large-surface-area carrier for broad applications, we selected as substrate a commercially available nickel foam for its high electrical conductivity, high porosity, large surface area, high-temperature stability, resistance to most corrosive and oxidizing environments, and its large dimension allowing for feasible recycling. Unfortunately, we found that direct Pt deposition on Ni resulted in nanoparticles or incompletemonolayer coating.
Inspired by a recent development by Liu et al. (25) , who successfully controlled Pt coating to monolayer thickness on single-crystalline Au(111) surfaces using underpotential deposited hydrogen to protect the Pt surface from further deposition, we implemented a buffer layer of thin Ag (or Au) film on the Ni foam before the Pt deposition. We found that the monolayer Pt worked best when it was deposited on a thin buffer layer or nanofilm (NF) of Ag or Au, as shown in Fig. 1 . We successfully used this method for the complete-monolayer Pt coating on a complex 3D Ni foam substrate. For the deposition, a piece of commercial grade Ni foam of 10 × 10 × 1.5 mm was used as the substrate, and a thin layer of Ag or Au NF was deposited onto the Ni foam as a buffer layer. To minimize the material usage, the buffer layer coating was controlled to be just thick enough to ensure that the underlying Ni surface is covered by the Ag or Au buffer. The Pt monolayer was then deposited using an electrochemical workstation by first stepping the potential to more positive values to activate the substrate surface and then lowering the potential to deposit the Pt monolayer. Figure 2 demonstrates the effectiveness of monolayer deposition. Figure 2A shows the current density and potential changes for five electroplating cycles on a complex 3D Ni foam substrate with an Au NF buffer (see the Supplementary Materials for experimental details). The solid curve is for current density (left axis) and the dashed line (right axis) is for plating voltage. When the voltage was set at −0.4 V SCE (volts versus a saturated calomel electrode), the current density increased from −4.4 to~0 mA cm −2 in 0.2 s, signifying that the deposition cycle was completed. The current density then stabilized even though the plating voltage was maintained at −0.4 V SCE for an extended period of time, demonstrating that the deposition was completely terminated. When the voltage was set to 0 V SCE , the current density first jumped to~4.4 mA cm −2 and then quickly dropped to 0, signifying that the adsorbed hydrogen layer was instantly desorbed to release a fresh Pt surface. Afterward, as soon as the potential was set to −0.4 V SCE , another cycle of deposition was started, and the previous cycle was repeated.
To further confirm that the deposition process of the Pt monolayer by this electrochemical technique is indeed self-terminating to a single complete-monolayer Pt each time, we used a quartz crystal microbalance (QCM) to monitor mass change as a function of deposition time. For this experiment, we used a thin layer of gold-coated quartz crystal substrate to grow Pt monolayer films from a PtCl 4 2− solution at pH 4 (see the Supplementary Materials for experimental details). Figure 2B shows the mass and voltage changes for five electroplating cycles. At the beginning of each cycle, the plating voltage was set at −0.8 V SCE . A sudden increase in the mass was observed as soon as the voltage pulse was started. The mass increased by a stable value of 550 ng cm −2 for a monolayer of Pt and remained essentially unchanged afterward, although the plating voltage was maintained at −0.8 V SCE for an extended period. For the next cycle, the potential was first set at 0.4 V SCE to allow the adsorbed hydrogen layer to be desorbed, releasing a fresh Pt surface. Afterward, as soon as the potential was set at −0.8 V SCE , the mass rapidly increased by the same amount of 550 ng cm −2 to another steady value again and remained unchanged even though the potential was maintained for an extended period. Because monolayer deposition conserves surface area, each monolayer deposition cycle results in the same mass gain of 550 ng cm −2 , as shown in Fig. 2B . Assuming that the Pt atoms are uniformly distributed on the surface, this value would imply that each Pt atom occupies an area of 59,469 pm 2 , or a Pt radius of 137 pm, in excellent agreement with the covalent radius of 136 pm for Pt (28) . This in turn proves that the coating process is indeed based on a complete-monolayer mechanism.
X-ray photoelectron spectroscopy (XPS) is a powerful technique for surface-specific composition measurement. Figure 3 shows the Pt monolayer film thickness, as quantified by the XPS analysis, as a function of the number of electrochemical deposition cycles. For comparison, the QCM measurement on a planner quartz crystal is used as a reference. Surprisingly, the XPS results for the monolayer deposition on nickel foam agree well with the QCM measurement on the planner substrate for the 1 and 2 ML samples, and a significant deviation is found for thicker deposition for its surface-specific nature (29) .
Hydrogen adsorption-desorption is a powerful technique to determine the electroactive surface area for the Pt catalyst on the Ni foam (18) . Figure S1 . Figure 2C shows more detailed changes in current density (J) as a function of deposition time for the Pt monolayer coating on the Au NF/Ni foam surface, using a pulsed potential waveform. During the process, the electrode was maintained at a potential of −0.4 V SCE . By integrating the current density against deposition time as shown by the shaded area in Fig. 2C , we found that 1.14 mC cm −2 was used for each cycle to reach saturation at J = 0 mA cm
. Using the Faraday equation, we concluded that 578 ng cm −2 Pt was deposited for each monolayer. Again, assuming that all Pt atoms are uniformly dispersed on surface, each Pt atom would take 56,014 pm 2 , or a Pt radius of 134 pm, in agreement with the covalent radius of 136 pm (3) and with that calculated from the QCM measurement of Pt monolayer deposited on the Au(111) surface of an Au coating on the quartz crystal substrate.
The above observation is very similar to what was observed by Liu et al. on the Au(111) surface (25) . Because the proton reduction and the diffusion-limited PtCl 4 2− reduction occur at essentially the same potential, whenever a Pt atom is deposited a hydrogen atom also forms on top of it, leading to a Pt/H double layer that shields the newly formed Pt surface from further deposition. As long as the H shield layer remains, the Pt deposition is completely quenched, and a well-defined monolayer Pt coating is produced (Fig. 2D) , as evidenced by the mass plateau in Fig. 2B and the zero current sections in Fig. 2 (A and C) . Because the Pt monolayer is deposited on a large piece of Ni foam with the dimension in inches, the precious Pt coating can be easily recovered with the substrate, treated if needed, and reused.
We evaluated the Pt monolayer/metal NF/Ni foam as a catalyst for HER in acidic conditions using a three-electrode voltammetry configuration (Pt monolayer/metal NF/Ni foam as the working electrode). We found that these catalysts are very effective for water splitting. Figure 4A shows the cyclic voltammograms in 0. ), significantly larger than the bare Ni form and NFs without the Pt monolayer.
To evaluate the catalytic performance for the water-splitting reaction, the electrodes were swept at 50 mV s −1 from negative to positive potential on the reversible hydrogen electrode scale. The overpotential of the present Pt monolayer catalyst on both Ag and Au NFs is much lower than that of its counterpart on the bare Ni foam. For the current density of 10 mA cm −2 , the overpotential of the Pt monolayer on the Au NF electrode is only 100 mV, which is the same as that achieved by Luo (30) using a much thicker (3.5 nm) Pt coating on the Ni foam electrode, as shown in Fig. 4B .
It is surprising to see that a Pt monolayer appears to work as well as the much thicker (3.5 nm) Pt coating on the same Ni foam electrode (30) , whereas the buffer layer Au or Ag makes little difference. However, for Pt monolayer directly deposited on the Ni foam electrode, although its onset potential is equal to that for the Pt monolayer on Au and Ag NFs, its current density is smaller (Fig. 4, A and  B) , indicating that only a submonolayer Pt was formed on the Ni foam.
To study the stability of the catalyst system, we measured the chronopotentiometry curves of Pt ML/Au NF/Ni foam catalysts in 0.5 M H 2 SO 4 solution at a constant current density of 10 mA cm −2 . For the experiment, a 1.5 × 1.5-cm 2 Pt sheet (~0.3 mm thick) was used as the counter electrode along with a calomel reference electrode. Figure 4C shows the catalyst degradation data for the time period. It is remarkable that the current density for the Pt monolayer catalyst decayed from 100 to 105 mV, for only~5% in a very acidic solution for~8 hours of the experiment. Because Ni shows far inferior activity (Fig. 4) , it is expected that Ni diffusion to the catalyst surface would lead to considerable degradation in catalytic activity. It is commonly believed that there is no significant Ni diffusion driven by the Kirkendalle effect in this system. Figure 5 shows the J-E plots of the Au NF/Ni foam electrode coated with 1, 2, 5, and 10 ML Pt in 0.5 M H 2 SO 4 solution. To avoid interference caused by electrodes, electrolytes, and interfaces, the measured J-E curves are iR-corrected (31) to determine the net contribution of the catalyst [details of the correction are provided in the Supplementary Materials ( fig. S2) ]. All four catalysts showed essentially identical J-E curves in view of measurement error. The additional Pt monolayer coating (up to 10 ML) had only a small effect on the J-E behavior of HER. More specifically, all samples had basically the same onset value at E = −0.01 V for the HER. When |E| < 0.01 V, J is essentially 0, meaning that there is no current flow and therefore no electrochemical reaction. When E increases above −0.01 V, HER starts and |J| linearly increases with |E|.
In comparison, Ni has a much smaller lattice constant of 352.4 pm, meaning that Ni is less favorable compared to Au for direct Pt monolayer formation. In addition, because Ni has a very negative electrochemical potential, the following galvanic replacement reaction is spontaneous: . A Pt sheet was used as the counter electrode and a calomel electrode was used as the reference. In other words, atomic Pt particles can be directly formed on the Ni foam surface without the need for electric potential, leading to island formation of Pt nanoparticles with incomplete surface coverage. This is analogous to the prior art Pt deposition (32) in which an atomic layer of a less noble metal (for example, copper) is applied first using the UPD deposition technique, with the less noble metal subsequently replaced by Pt atoms. By repeating the above combination cycle, a thicker Pt film is collected. Using a combination of electrochemistry, in situ scanning tunneling microscopy equipped with an electrochemical flow cell, and ultrahigh vacuum surface studies combined with electrochemistry, Kim et al. discovered that a single deposition cycle yielded an "incomplete monolayer" and partially distorted "Pt nanoislands" (33) . This explains why the Pt monolayer/Ni foam shows significantly lower catalytic activity.
The Tafel plot h versus log(J), where h is the overpotential and J is the current density, provides insight into the HER mechanism on catalyst surface. The overpotential (h) is related to the reaction rate by the Tafel equation:
where J 0 is the exchange current density and b is the Tafel slope. A reduction in overpotential leads to increased catalytic activity for the HER. The Tafel slope b is an intrinsic quantity that is independent of the surface area of the catalyst but is dependent on the electronic factors or reaction mechanism (18) . Figure 6 shows the Tafel plots for  four , respectively, because they seemed to be independent of the buffer layer, indicating that only the top monolayer surface is responsible for the catalytic activity.
Exchange current densities reflect intrinsic rates of electron transfer between the electrolyte and electrodes (36, 37) . As shown in table S1, the exchange current densities for platinum sheet and Pt monolayers for reduction of protons are very similar, indicating that the Pt monolayers work as well as the Pt sheet as the catalysts for the HER.
The Pt monolayer-coated catalysts reached catalytic activity as high as that of the thick Pt film, indicating that the Ni foam is completely covered by the Pt monolayer, meaning that there is a completemonolayer Pt coating generated on the large-surface area Ni foam substrate. Assuming that all metal sites are involved in the electrochemical reaction, the turnover frequencies (TOFs) are calculated and listed in table S2. It shows that the TOF values for the Pt monolayer catalysts are far greater than those for metal NF/Ni foam catalysts. Specifically, the TOF for the Ag NF/Ni foam catalyst is 24, whereas the Pt monolayer/Ag NF/Ni foam catalyst shows a much higher TOF value of 1839, about 55 times higher. The Pt monolayer/Au NF/Ni foam catalyst shows an even higher TOF value of 1655, in line with what was achieved using the state-of-the-art catalysts (38) .
To further confirm the above conclusion, we conducted an XPS analysis on three individual areas separated by >1 cm from a Pt monolayer coating. Figure S4 displays that all three areas, each measuring 0.3 × 0.7 mm in the x-ray beam spot, have very similar XPS peak intensities. Note that the element mapping analysis on the Au NF/Ni foam shows uniform Au coating on the Ni substrate ( fig. S5 ). Table  S3 shows relative Pt concentrations at three different areas on the catalyst surface. The Pt percentages on all three different areas obtained from the XPS are essentially the same, demonstrating that the catalyst surface is indeed completely covered by Pt.
CONCLUSIONS
In conclusion, we demonstrated a technique to prepare a completemonolayer Pt coating on large-surface-area 3D Ni foam-based substrates using a buffer layer (Ag or Au) strategy. The QCM shows that each monolayer deposition cycle results in the same mass gain of 550 ng cm −2 , corresponding to a complete surface coverage by Pt atoms. A detailed analysis on the current density change in each deposition cycle achieved the same conclusion. The XPS analysis confirms the result. On the basis of the analyses of the J-E curve, Tafel plot, and surface area from H UPD , the catalyst performance of the Pt monolayer/metal NF/Ni foam electrode is tantamount to that of the thick Pt film and outperformed Ni foam. Because Pt is the most important catalyst for many industrial applications, and this development provides a way to fabricate a high-activity Pt catalyst with minimal Pt usage, it may pave a way for Pt to be used in fuel cells, petroleum processing, and other commercial applications at minimal cost.
MATERIALS AND METHODS

Materials
Sodium chloride, potassium chloride, potassium hydroxide, ammonium hydroxide, sulfuric acid, silver nitrate (AgNO 3 ), potassium tetrachloroplatinate (K 2 PtCl 4 ), potassium hexachloroplatinate (K 2 PtCl 6 ), Characterization A Zennium Zahner electrochemistry workstation with a QCM was used for electrochemical deposition and analysis. The Pt deposition was done using a constant voltage mode. For the Pt monolayer deposition, a pulse duration of 5 s was set for each deposition cycle, whereas on the basis of the J-t curve (Fig. 2) , the effective deposition lasted for~0.2 s. The cyclic voltammetry (CV) and Tafel analysis were conducted in a nitrogenpurged H 2 SO 4 solution with a scan rate of 50 mV s −1
. The catalysts were cycled many times by CV until a stable CV curve developed. Chronopotentiometry was carried out at a constant current density of 10 mA cm
for Pt monolayer/Au NF/Ni foam. A Pt sheet was used as the counter electrode, and a calomel electrode was used as the reference (sweep rate, 50 mV s
−1
). A Kratos Axis Ultra XPS system was used with a monochromatic Al-Ka source.
Preparation of the working electrode on Ni foam
Au and Ag NF/Ni foam: An Au buffer layer on Ni foam was produced by displacement of Ni using gold ions in 0.5 M NaCl and 1 mM KAuCl 4 aqueous solution at pH 4. The spontaneous deposition involves the following reaction:
The Ag buffer layer was synthesized in a constant-voltage mode at 2 V, using a solution of 10 mM AgNO 3 and 5 mM ethylenediamine tetraacetic acid disodium. During deposition, the pH was maintained at 9 to 10 with ammonium hydroxide.
Growth of Pt monolayer
Deposition on the Ni foam substrate with the buffer layer. A pulsed potential method was used to grow Pt monolayer and multilayer films from a solution consisting of 0.5 M NaCl and 3 mM K 2 PtCl 4 ; the pH was maintained at 4 with perchloric acid and sodium hydroxide solution. The Pt monolayer films deposited one monolayer at a time by cycling the electrode potential between 0 and −0.4 V SCE . By repeating the process, 2, 5, and 10 ML Pt films were produced. Upon electrodeposition, the films were immediately rinsed with DI water and dried in a stream of N 2 .
The QCM experiment. The QCM experiment was performed using Ti/Au-coated sensor crystals. The electrode was cleaned by soaking in a solution [3:1 volume ratio of concentrated H 2 SO 4 (70%) to H 2 O 2 (30%)] before being placed into the electrolyte solution [50 ml of N 2 -saturated 0.5 M NaCl and 3 mM K 2 PtCl 4 (pH 4)]. The Pt monolayer was deposited by first setting the potential to 0.4 V SCE to activate the substrate surface and then lowering potential to −0.8 V SCE for deposition.
Pt monolayer/Ni foam. The specific surface area of the nickel foam was measured using an optical 3D video microscope (78 cm 2 cm −2 ) (HIROX, KH-7700). The total surface area was used to calculate K 2 PtCl 6 needed to achieve single atomic layer platinum deposition. The Pt monolayer on Ni foam was achieved by the galvanic exchange of Ni with a calculated amount of PtCl 6 Table S1 . Comparison of exchange current density for proton reduction reaction in 1 M H 2 SO 4 . 
